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TECHNICAL NOTE 3399 

A RAPID APPROXIMATE METHOD FOR THE DESIGN OF HUB SHROUD PRCFILBS OP 
CENTRIFUGAL IMPELLERS OF GIVEN BLADE SHAPE 
By Kenneth J. Smith and Joseph T. Hamrick 


SUMMARY 

A rapid approximate method for the design of centrifugal compressors 
of given blade shape with con^iressible nonviscous flow characteristics 
has been developed using techniques based upon stream-filament theory. 
Axial symmet27y is assinned, but meridional -plane forces derived from tan- 
gential pressure gradients are Included. 

The method was applied to the design of an impeller in order to de- 
termine the approximate maximimi mei*idional streamline spacing that could 
be used. Three numerical solutions for different streamline spacings 
were made using the same hub profile, blade shape, and prescribed veloc- 
ity distribution along the hub. The shroud profiles obtained from the 
three solutions, which utilized 3, 5, and 9 streamtubes, were negligibly 
different. The approximate computing time required was 15 hours per 
streamtube . 


INTRODUCTION 

The complex nature of flow within centrifugal compressors makes ex- 
act design of coit 5 )ressor components difficult. Methods in which an ex- 
act three-dimensional approach has been used are of necessity long and te- 
dious processes (e.g., ref. l) . This tediimi has led to the development 
of many approximate methods, in which a two-dimensional or a quasi -three- 
dimensional attack has been engjloyed (see e.g., ref. 2). These methods 
are less time consvnnlng and quite satisfactory for engineering purposes. 
The design method presented in this report is intended to speed the proc- 
ess still further and also to present a visualization of tiie mechanics 
of the fluid flow in the meridional plane while the design progresses. 

The design method was developed at the NACA Lewis laboratory, using 
as a basis stream-filament methods, reported in reference 3, for ana- 
lyzing flow throu^ a centrifugal compressor. Since the design and the 
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analysis solutions are merely Inverses of each other, limitations and 
assumptions pertaining to the analysis method also apply to the design 
method. Thus, the design solution is adequate only so long as the as- 
sumption of axial symmetry can he used. 

The method developed was applied to the design of an impeller having, 
given huh and hlade shapes in order to determine the approximate maxiTiium 
meridional streamline spacing that can he used in the calculations with 
acceptable results. Three numerical solutions employing vaxied stream- 
line spacings were made using the same comhination of huh profile, hlade 
shape, and prescribed velocity distribution along the huh. 


DEVELOHyENT OF EESIGN METHOD 

For the flow-analysis method given in reference 3, a complete geo- 
metrical description of the Impeller including huh, shroud, and hlade 
shapes was needed for a solution. The design method applies the tech- 
niques of the flow-analysis method to obtain a shroud shape starting from 
a given hlade shape, huh shape, and huh velocity distribution. The equa- 
tions developed in the analysis solution apply equally well to the design 
method. 

Outline of method . - From elenentary streamline -flow theory, a series 
of anniilar concentric streamtuhes are computed in sequence; the end point 
of the sequence is reached when the summation of the streamtuhe flows equals 
the desired over-all weight flow. The manner in which this is accomplished 
is as follows; 

(1) A hlade shape, a huh shape, and an average velocity distribution 
least conducive to boundary layer huild-up are chosen. 

(2) A meridional -plane huh profile is drawn and several stations be- 
tween the impeller inlet and outlet are established. 

(3) An estimated streamline is drawn forming a streamtuhe adjacent 
to the hub. 

(4) Ihe. velocity at each intersection of the streamline with a normal 
from a huh station is computed from the assumed huh velocity distribution 
and the velocity equation derived in reference 3. 

(5) The weight flow past each normal, based on flow conditions at 
the midline of the streamtuhe, is then computed to check for continuity 
of flow through the streamtuhe. 

If continuity has not been established, the streamline spacing is 
adjusted and the procedure repeated until the weight flows at the several 
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stations mat eh. This final streamline iDecomes the new hase streamline; 
its velocity distrihution is given by the final values of the computations. 
“ An adjacent stieamtube is constructed and the method repeated. When enou^ 

streamtubes have been constructed to carry the over-all weight flow de- 
sired, the final streamline determines the shape of the impeller shroud. 

Assumptions . - The flow is assumed to be isentropic, steady, compress- 
ible, and nonviscous. Axial symmetry is assumed, but forces in the merid- 
^ ional plane that are derived from tangential pressure gradients are ac- 

g- counted for in the development of the flow equations (ref. 3). Hie average 

angle of flow relative to the meridional plane is taken equal to the blade 
angle p . This assumption is valid except at inlet for wei^t flows not 
in the vicinity of that required for zero angle of attack. At outlet, p 
must be modified to allow for slip, especially in computing the blade-to- 
blade velocity distribution. 

Geometry . - Complete geometrical descriptions of the blade plan and 
of the hub shape of the impeller are needed for a numerical solution. 

The symbols denoting the geometrical quantities and their relation to the 
design method are given in appendix A and figure 1, respectively. The 
design method does not require the starting profile to be the hub shape, 
but an intermediate streamline or the shroud shape could be specified in- 
stead. Experience thus far has shown, however, that it is best to start 
in a region in which velocity changes have the greatest effect on stream- 
line spacing. Such a region is generally found near the hub, where there 
is low weight flow per xznlt area, and blade blockage is greatest. 

Velocity equation . - A force equation was obtained in reference 3 by 
summing the forces acting on a particle moving along the streamline path. 
The force equation, when combined with a form of the general energy equa- 
tion, resulted in an equation involving the relative velocity q and a 
number of geometric variables . The general velocity equation obtained was 
then simplified for the case of radial blade elements and no prerotation 
to 


^ . a, - t 


( 1 ) 


where a and b are parameters such that 

- sin^ 


r^ r COB a 


and 


b = P (sin a cos (X 
cos a 


dz j 
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When equation (l) was solved for the velocity q. 



This equation 3relates the relative velocity at the huh to that at any 
other point along the path normal to the flow streamlines in the huh-to- 
ahroud passages, for an Impeller with radial hlade elements a.nd no pre- 
rotatlon. The general velocity equation is not considered in this report, 
since the trend of design has been toward radial hlade elements and no 
prerotation; however, its use would introduce no limitations to the method 
heyond the added geometric complications. 

Equation (s) is applied to determine the velocity distrihution along 
each streamline in the meridional plane, with the previous streamline as 
a hase. An exact value of the equation would require integration; hut 
because the Intervals between streamlines are small, a good approximation 
to the exact value can he found when a and h are assumed constant and 
taken as average values between the two streamlines. The equation then 
simplifies to 


q = e 


aAn 




( 3 ) 


ContlniJlty equation . - In reference 3, the equation for continuity 
of flow thro\;igh the Impeller was written 


W = 2it 


i" 


rfpgq cos p dn 


( 4 ) 


For the design method, it is not necessary to establish flow across the 
complete passage, but only the increment of flow through the annulus 
between two adjacent stream surfaces. Flow conditions along the mldllne 
of the streamtube are considered and the equation becomes 

w = 2jtrfpgq cos pAn (s) 

The value of the density p, for no prerotation, is found from 






P = Pt,i 


1 

r-1 


( 6 ) 
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EXAMPLE IMPELLER 

!Ehe design operating conditions for the impeller were chosen as 
follows : 


Equivalent impeller tip speed, U/ y/S > ft/sec 1331 

Ratio of specific heats, y 1*^ 

Prerotation 0 


Ihe hub shape and the blade plan were those of the 18-blade mixed- 
flow centrlfiigal compressor described in reference 4. A detailed outline 
of the development of the shroud shape from the equations is given in 
appendix B together with the procedure xised for the computations. Three 
solutions were calculated from the same hub shape, blade plan, and veloc- 
ity distribution. The three, employing different numbers of stream-lines, 
were calculated to note the effect of streamline spacing on the solution. 
A blade -to -blade analysis for the five-streamtube design was made to ob- 
tain the perfonnance characteristics of the selected parabolic blade 
shape . 


RESULTS AND DISCUSSION 

Shroud profile . - Since total weight flow was the same for all three 
solutions, streamline spacing determined the number of streamtubes. The 
shroud coordinates obtained from three-, five-, and nine-streamtube de- 
signs are compared in table I. The tabulation shows the negligible effect 
on shroud shape produced by changing streamline spacing over this range. 
Visual errors, inherent in a method of this type, in determining the value 
of the coordinates and in making other graphical measurements account for 
minor deviations in the radius ratio. However, the maximum deviation be- 
tween any two of the given radiiis ratios is less than l/4 of 1 percent, 
with reference to the average radius ratio for the three solutions. Fig- 
ure 2 shows the streamline pattern obtained from the spacing that resulted 
in five streamtubes. 

Velocity ratio . - Lines of constant velocity ratio Q relative to 
the impeller, for the five-streamtube solution, are included in figure 2. 
Similar configurations were obtained for the other two solutions, with 
maximum differences among the three occ^lrring at the shroud. The shroud 
velocity ratios obtained from the three-, five-, and nine-streamtube solu- 
tions are shown in table II. The deviations in the velocity ratios resiolt 
from only sli^t differences in shroud coordinates. In the region of 
near-sonic velocity (Mach nimiber, 0.9, e.g.), a change of 1 percent in 
flow area can produce a change of approximately 10 percent in velocity. 

The effect of area change on velocity is easily seen for the three - 
streamtube solution. However, since the deviations of the velocity dis- 
tributions are comparable to those that would arise from area changes due 
to machining tolerances, any of the three distributions is acceptable for 
design purposes. 
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The specified velocity pattern along the hub, and the shroud veloc- 
ity ratios calculated in the five-streamtuhe solution are shown in figure 
3. The velocity distributions calctaated in reference 3 for the original 
impeller have been included in the figure. The prescribed velocity pat- 
tern along' the hub for the design method consists of a slowly decelerating 
flow for half* the hub length, followed by a gradual acceleration for the 
remainder. With respect to avoiding boundary layer build-up and separa- 
tion losses, this pattern is superior to the rapidly decelerating flow 
along most of the hub length as determined for the original Impeller. 

The shroud velocity distribution of the new design is also better, for 
althou^ the rate of deceleration is about the same as that of the origi- 
nal impeller, the length of path over which deceleration occurs is short- 
er. The most desirable velocity pattern would be one in which flow ac- 
celerated along the entire length of both hub and shroud. However, the 
shroud velocity distribution that accompanies a specified hub velocity 
distribution cannot, in general, be predicted. The sharp rise in veloc- 
ity on the shroud is an example of the unpredictability that resiilts from 
presc3Tibing the velocity along any given path, particularly where large 
curvat lures exist. 

Blade siurf ace velocities . - The meridional-plane relative velocity 
ratios for the streamlines and the midstreamtubes represent averages of 
those at the blade surfaces. To determine the surface velocities over 
the driving and the trailing faces of the blades, the method described 
in appendix D of reference 3 is applied. Velocity distributions over 
the blade surfaces for the several streamtubes of the five-streamtube 
solution are shown in figure 4. Althou^ the flow decelerates rapidly 
along the driving faee, separation should not occur there since experi- 
ments have shown that a boundary layer does not build up on the driving 
face. For all the streamtubes, the rate of deceleration along the trail- 
ing face is about“equal to that at midpassage. From considerations of 
blade loadi ng d istribution, the combination of small difference in blade 
surface velocities upstream from i. equea 0.35 and large difference 
thereafter is undesirable . A more uniform velocity ratio distribution 
could be obtained by changing blade shape or by introducing splitter 
vanes extending downstream from L equal 0.35. The Introduction of 
these splitter vanes would also, by decreasing the loading per blade, 
reduce any tendency for an eddy to form on the driving face. 

Calculations of distribution of relative velocity on the blade sur- 
faces should take account of the slip factor p. Consequently, the mean 
relative velocity values developed in the meridional-plane computations 
are not applicable for these calculations. Values of mean relative veloc- 
ity that account for slip factor were computed by using flow angles ob- 
tained by the method presented in reference 5. The higher values so 
calculated were compared with the values previously calculated to deter- 
mine the effect on streamline spacing. It was found that the product 
pv remained approximately constant for the small increase in relative 
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velocity (approximate average 6 percent at exit; see fig. 5), thus, stream- 
line spacing was not changed significantly. However, the hi^er values 
of relative velocity calculated when the slip factor was considered had 
a large effect on hlade leading near the exit. The results obtained from 
a hlade -to -blade analysis that neglected slip factor indicated an eddy 
formation on the drl'vlng face. The eddy formation was not indicated when 
slip factor was considered because of the decreased loading. An indica- 
tion of eddy flow is obtained when the solution shields a value of driving- 
face velocity that is imaginary or in the vicinity of zero. In either 
case, a higher velocity flow or more blades in the eddy region are needed. 

Inlet angle of attack . - Theoretical determination of the exact hub- 
to-shroud variation of blade inlet angle required for most efficient opera- 
tion is very difficult. The abrupt change in flow area at the inlet, the 
turning effect on the fltiid, and velocity vaiiation across the inlet an- 
nulus combine to make the solution of the problem arduous. The following 
approximate calculation of inlet flow angles relative to the blades pro- 
vides a qualitative means of evaluating a particular blade inlet angle 
distribution. The net area of each streamtube (annulus area minus blade 
area) is confuted and the through-flow velocity found from the desiKnated 
wei^t flow for the streamtube. Vector addition of the throu^-flow • 
velocity and the wheel speed at mldstreamtube gives the approximate flow 
direction at inlet to the blades, with respect to the meridional plane. 

The approximate inlet angle relative to the blades is then the difference 
between this computed flow direction and the blade angle at mldstreamtube. 
This computation of approximate angle of attack assumes that each stream- 
tube extends upstream from the inlet and simulates a fixed annulus with 
no radial displacement of the streamlines from their calciilated positions. 
In the actual case, there is a radial shift of the streamlines caused by 
the blade thickness taper from hub to shroud. A more nearly exact angle 
of attack may be derived by using values of the upstream flow angle and 
the deviation angle that take accoiint of this radial shift of the stream- 
lines (ref. 6). A comparison of the approximate angles of attack and the 
more nearly exact values is made in figure 6. The figure shows an average 
angle of attack of -2.5° for the more nearly exact solution. Indicating 
an excessive wei^t flow at design conditions. The approximate solution 
shows a decreasing value of the angle of attack from hub to shroud due 
to the decreasing effect of blade blockage. Despite the disparity in- 
troduced by blockage effects, the approximate method of determining the 
angle of attack establishes whether the radial variation of inlet blade 
a ng l e is approximately that required for efficient operation. It can be 
seen that the inlet blade angle variation for this impeller corresponded 
fairly well to the desired design conditions. 


summary: of resuits 

A r'a^ld approximate method for the design of centrifugal compressors 
of given blade shape with compressible, nonvlscous flow characteristics 
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hBR been developed. It assumes axial symmetry, "but Includes meridional 
plane forces caused tiy tangential pressure gradients. The approximate 
computing time for a design is 15 hours per streamtuhe . Ihe method was 
used, with streamline spacings that resulted In^fchree , five , and nine 
streamtuhes, for the design of an example impeller with blades of a 
parabolic shape. The following results were noted: 

1. Large changes in streamline spacing had negligible effects on 
shroud shape. The accompanying variation in velocity distribution was 
in the range of that which woiild arise from machining tolerances. 

2. Allowance for slip resulted in negligible changes in calculated 
shroud shape, but resulted in an exit relative velocity approximately 6 
percent above that for the solution in which slip was neglected. 

3. The parabolic blade shape produced an uneven loading distribution, 
with the major portion of the load occurring near the exit. 

4. The inlet blade angles of this impeller were approximately those 
reqiiired for hl^ efficiency at the design weight flow. 


Lewis Flight Propulsion Laboratory 

National Advisory Committee for Aeronautics 
Cleveland, Ohio, December 6, 1954 
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APPENDIX A 

smeois 

The following symbols are lised in this report: 

, . cos% sin% 

geometric parameter, — " r cos a 


geometric par ante ter, ^ ^2 


g 

L 

N 

n 

An 

P 

Q 

a 

R 

r 

r 


sin 6 

^ f2to + sin a cos a 

stagnation speed of sound, ft/sec 

2jtr - Nt 

blade blockage factor, — 

gravitational acceleration, ft/sec^ 

percent of total streBinline length, from impeller inlet 

number of blades 

distance along normal from hub 

distance between- adjacent streamlines along normal, ft 
fluid particle 
velocity ratio, 

velocity relative to impeller (fig. 1(c)), ft/seo 
raditis ratio, r/ii! 5 )eller tip radius 

radius from axis of rotation to point being considered, ft 

radius of curvature of streamlines in meridional plane 
(positive when streamline is concave upward), ft 

hub radius 


slope of streamlines in meridional plane with respect to axis 
of rotation 
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r" rate of change in slope r‘ 

t "blade thickness at a given radivis, ft 

U actvial impeller tip speed, ft/sec 

u tangential velocity relative to impeller (positive in direc- 

tion of rotation (fig. 1(c)), ft/sec 

V throiagh-flow component of velocity (fig. 1(c)), ft/sec 

W total compressor flow ratio, Ih/sec 

w Incremental flow rate, Ih/sec 

z axial distance from front of Impeller hub, ft 

a. -angle "between tangent to streamline in meridional plane and 

impeller axis of rotation, deg 

p blade angle (fig. l(c), negative for backward-curved blades),, 

deg 

6 ratio of inlet stagnation temperature to standard sea-level 

temperature 

X ratio of specific heats 

p. slip factor, average absolute tangential velocity of fluid 

at Impeller tip divided by Impeller tip speed 

p mass density, Ib-sec^/ft^ 

P.J. total mass density, Ib-sec^/ft^ 

(p blade angle in axial -tengential direction (fig. 1(b) , nega- 

tive for backward-cxarved blades) , deg 

01 angular velocity of inpeller, radlans/sec 

Subscripts; 

i inlet conditions 

0,1,. . . succeeding stations along streamlines 

Superscripts : 


values taken at mldstreamtube 
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APPENDIX B 


NUMERICAL PROCEDURE 

The meridional plane profile of the specified hub shape Is drawn and 
a velocity distribution chosen. Normals to the hub profile are erected 
at various stations. Colxmms 1 to 7 and 9 to 12 (table IH) are recorded 
for each station along the hub profile. It Is emphasized that column 8 
was used to find the blade angle p and applies only to the particular 
blade shape of this Impeller. The equation for the blade curvature In 
the axial tangential plane (plane tangent to circular cylinder of radius 
r) Is given by tan <p equals 1.3572 (l2z - 3.93) r, where z and r 
are In feet. Care must be taken to maintain the proper sign convention 
for the blade angles and the- velocity components (see figs. 1(b) and (c)). 
A satlsfactoary approximation to the value of du/dz at each s'tatlon along 
the mldstreamtube can be found by plotting u against z frcm computa- 
tions along the previous streamline. The value of the slope Is recorded 
In column 13 and column 14 computed. These values remain constant through- 
out the iterative process which follows. 

Geometry , - Columns 16 to 24 and column 37 are concerned with the 
basic geometzy. The spacing of the first streamline along each normal to 
the hub profile is estimated and the chosen value recorded in column 15. 
Half of the value of column 15 Is laid off along its corresponding normal 
to define the mldllne of the streamtube. Colijnns 16, 17, and 18 are re- 
corded for eanh station along the irddline of the streamtube. Colvmin 17 
is equal to the hub radius at the z value of column 18 (see fig. 1(a)), 
and Is used In the detennination of blade thickness at the mldllne. (The 
blade for this impeller has a constant thickness of 0.210 inch at the 
hub with a 3° taper in the radial direction.) The radius of curvature at 
each station along the mldllne (column 19) is found from 

or, eia was done in this report, by mechanical means 

(ref. 7). Column 37, equivalent to Ztct - Nt, Is the net circumferential 
length at each station along the mldline. The constants used in colimin 37 
will apply orOy to this blade shape. Attention is called to the fact that 
the value of the symbol f In equation (5) is not calculated directly, 
since f is equivalent to 1 - Nt/2jtr, Experience has shown the angle 
0£ is essentially the same for streamline and midline, hence the value of 
colimm 3 is used for a of the mldllne. Columns 22 to 24 complete the 
blade geometry needed for further con^jutations . It is again noted that 
column 21 applies only to the blade siiape of this Impeller. 

Velocity . - Columns 25 to 30 apply to the computation of the velocity 
given by equation (3) in the text . The combination of terms In each 
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column ere readily compared with the equation and are explained in the 
column headings. Column 31 gives the value of the velocity at the inter- 
section of the estimated streamline and each normal. Since a linear 
variation of velocity between streamlines is assumed, the velocity at the 
midline of the streamtube (column 32) is simply the average of colimon 31 
and column 7. 

Density equation . - Equation (6) for the density p Includes a num- 
ber of constants that have been combined in columns 33 and 34 for more 
rapid calculation. As can be noted from equation (s) , the numerical value 
of the combination will vary with the specified operating conditions for 
the Impeller. Ihe value arrived at in column 36 is equal to the dimen- 
sionless ratio p/p 4 . , the exact value of p not being required for 

finding the streamline spacing. 

Continuity equation . - The continuity" equation as given by equation 
(5) is w = 2rtrfpgq cos S An. Equating the average wei^t flows across 
each normal yields (2nrfpq cos p An)^^ = (2«rfpq cos p ^^ 1)2 = 

. . . (2rtrfpq cos p ^)n* 'Eden An^^ 2 = (Sitrfpq cos p An)^/ 

(2itrfpq cos p)]_ 2 'wdere subscript n refers to values at any designated 

station along the midline. This procedure is carried out in colimms 38 
and 39. The wei^t flow for the chosen reference station, hence for the 
streamtube, is the product of Pt,i^ S# column 38, and column 39. The 

values obtained in column 39 for each station are compared with the orig- 
inal estimates in column 15. Should the values of columns 39 and 15 not 
coincide within the specified limits, the streamline spacing is revised, 
using the computed values of col'umn 39 as the next estimate for column 
15, and the procedure repeated. In the example problem, convergence was 
achieved within three significant figures by the second iteration. After 
a satisfactory convergence between columns 15 and 39 has been reached, 
the final values Of column 39 are marked on the solution and the stream- 
line drawn. This streamline becomes the new base streamline. Normals 
to the new base streamline are constructed from each station along the 
midline of the previous streamtube in order to obtain a line more nearly 
normal to all streamlines. The velocity at each station along the new 
base streamline (column 7) is given by the final computations recorded 
in colimin 31. The sequence of operations is repeated, using the final 
values of column 39 as estimates for column 15 of the succeeding stream- 
line, until enou^ streamtubes have been font^d to carry the desired 
wei^t flow. The approximate time required to compute and check the 
three solutions made in this report was 15 hours for each streamtube . 
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TABLE I-. - SHROUD COOKDIKATES FOR THREE-, FIVE-, AIH) NINE- 
STREAMTUlffil SOLUTIONS = -irnp^llPT' 


ft 

R 

Number 

of streamtubes 

3 

5 

9 

0.0092 

0.6666 

0.6666 

0.6666 

.0290 

.6702 

.6710 

.6710 

.0580 

.6794 

.6794 

.6796 

.0870 

.6890 

.6882 

.6890 

.1160 

.6962 

.6964 

.6970 

.1450 

.7082 

.7088 

.7090 

.1740 

.7292 

.7296 

.7290 

.2030 

.7614 

.7616 

.7608 

.2320 

.8102 

.8090 

.8094 

.2610 

.8820 

.8800 

.8818 

.2900 

.9954 

.9952 

.9952 


TABLE II. - SHROUD VELOCITY RATIO DISTRIBUTIONS FOR THREE-, 
FIVE-, AND NINE-STEffiAMTUBE SOLUTIONS 


ft 

Velocity ratio. 

Q 

Number of streamtubes 

3 

5 

9 

0.0092 

0.981 

0.983 

0.986 

.0290 

1.000 

.977 

.979 

.0580 

.930 

.938 

.939 

.0870 

.888 

.900 

.900 

.1160 

.968 

.976 

.956 

.1450 

.979 

.977 

.960 

.1740 

.960 

.948 

.945 

.2030 

.908 

.910 

.899 

.2320 

.825 

.840 

.817 

.2610 

.730 

.744 

.725 

.2900 

.647 

.648 

.645 





< 


fe 


V 


60SS 





station 

13 

14 

15 


17 

18 

19 


21 

22 

23 

From 

plot 

0 va. ® 
du/dz 


An. 

i 

■ 

z 



16.^ 

-5.334 
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TABLE in. - Concludfid. STREAMLINE CALCULATION PROCEDUKE 
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(b) Location of >p on dereloped cylindrical aurface. 

Figure 1. - Impeller geometry used in development of design method. 
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Percent of total length along streamline, L 
(c) Streanrtube 3. 


Figure 4. - Continued. Blade surface velocity ratios for the 
five-streamtuhe solution including slip factor (u ■ 0.89) . 
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Percent of total length along streamline, I* 

(d) Streamtube 4. 

Figure 4. - Continued. Blade surface velocity ratios for the 
flve-streamtuhe solution including slip factor (la » 0.89). 
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(e) Streamtuhe 5. 

Figure 4. - Concluded. Blade surface velocity ratios for the 
five -streamtuhe solution including slip factor (n » 0.89). 
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Radius ratio 

Figure 6. - Angles of attack calculated vlth (ref. 6) and without 
(approximate solution) consideration of radial displacement of 
streamlines ahead of tnroeller. 
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